The regularities of changes in the mechanical properties of solids and nanostructured materials with reducing the characteristic sizes of an object, its morphological or structural units up to single molecules are described. Methods of their experimental determination and research are also considered. Particular attention is given to the nature of size effects and atomic mechanism of deformation and fracture in nanoscale. The ways of achieving theoretical ultimate strength and creating high-strength materials are discussed.
Introduction
Mechanical properties are important for three major classes of materials: constructional, structural and functional. For the first two classes they are critical, and for the latter -they largely affect durability and reliability of products, and often their functional characteristics. Since many components of micro-and nanoelectromechanical systems (MEMS/ NEMS), data recording and storage devices, sensors, actuators have been reduced up to a submicron size, the mechanical properties of the materials used in them have become essential, especially, in nanoscale. Physical, mechanical, reological and associated properties are also important for biomaterials, which can be regarded either as a kind of functional materials or as a separate class called soft materials. Their change affects many functions of biomaterials and objects and can be used as a diagnostic feature. Finally, cross mechano-electrical, electromechanical, magneto-mechanical, mechano-chemical, mechanoemissive and other similar effects and processes are widely used in engineering and to a large extent depend on the mechanical properties of the material.
The most important mechanical properties are considered to be Young's modulus E, shear modulus G, Poisson ratio ν, yield stress σ y , ultimate strength σ c and fatigue strength σ -1 , coefficients of strain hardening ε ∂ σ ∂ = α and rate sensitivity of the flow stress ln , ln m ∂ σ = ∂ ε viscosity η, hardness Н, maximum relative strain up to fracture ε max , fracture toughness K 1С . Sometimes some other associated properties are used, such as, fracture energy ( ) For constructional materials the allowable stresses σ m are set based on values σ y or σ c of the chosen material and accepted assurance factor k S : σ m = σ y /k S or σ m = σ c /k S. Then the required section S of the element designed to safely withstand load P (and therefore the weight of construction M) will be inversely proportional to σ m because M ~ S ~ (P/σ m ). Thus, it is the strength that determines the material consumption of static structures, maximum span of bridges and ceilings, ultimate rotations and specific power of piston engines, turbines, machine generators, dynamics, payload and fuel efficiency of vehicles (especially aerospace), the possibility of manufacturing the implants of smaller cross-section and weight, less traumatizing the tissues and easier implanted in a body, etc.
What happens with physicomechanical and associated properties of materials in a nanoscale region? Experience shows that a decrease in determining size R * of the object, morphological/structural units of macrobody or a local area of mechanical action from the micrometer to nanometer region, mechanical characteristics can change significantly (often, manifold) [1] [2] [3] . With further decrease in R * , from tens to several nanometers, the course of size dependences of mechanical properties can change dramatically into the reverse one ( Fig. 1) , where the upper values correspond to the dependences of hardness and ultimate strength on the crosswise sizes of a sample, or the region of the local deformation of single-crystalline materials, while the lower values correspond to the dependence of yield strength on the grain size in a polycrystal. Such behavior in physics is called size effects (SE).
The first theoretical estimates made at the beginning of the last century, and subsequent refined calculations showed that in an ideal defect-free crystalline or polymer structure the tensile or shear strength may reach ~ 0.1 of the corresponding elastic modulus E or G (Table 1) . This natural ultimate strength appears to be a tremendous value, which is difficult to achieve in practice. Only in the early 1970s, Cambridge University scientists [4] managed to approach it while locally loading the annealed gold crystals with a sharpened wire with a radius of curvature at the top of < 100 nm. According to the authors of [4] , plastic deformation in contact started at shear stress τ с ≈ 0,06 G. This value exceeded the macroscopic yield strength of gold dozens of times and was close to the theoretical ultimate shear strength τ th . The beginning of plastic deformation was registered by an electron microscope, in the column of which the experiment was carried out. Practical and theoretical importance of the finding is quite obvious. However, the imperfect methodology at that time did not enable to reliably determine τ с and identify the regularities of transition from elastic to plastic deformation.
The development of nanomechanical test technology in the last two decades has provided quantitative information about the forces, stresses, deformations and SE in nanoscale. In general, experience shows a direct relationship between strength characteristics and elastic moduli for a wide range of materials (Fig. 2) [5] [6] [7] . Unfortunately, an increase in strength of the material is accompanied with a decrease in the ability of materials to withstand the formation and growth of cracks in them (Fig. 3) . 
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This tendency also retains in nanomaterials, but there are about a dozen of special remedies which can somehow weaken it. [8] Experimental results on the nanomechanical properties of different materials and objects have been repeatedly described in reviews and monographs [1] [2] [3] . However, the nature of SE in the mechanical properties in nanoscale remains controversial. It is least clear in region R *
30-50 nm,
where there are SE, abnormal in terms of traditional physics of strength and plasticity.
Mechanics of nanostructures is closely related to their physics and chemistry, because they have single fundamental basis, i.e. specific interatomic interaction. Force, strain, rigidity, viscoelasticity, strength, etc. are of fundamental importance for the biological processes at all structural levels. Any biomechanical processfrom unwinding and replication of DNA molecules and intracellular organelle displacement to the cell deformations and displacements -is controlled by molecular forces and nanomechanical properties of single molecules and complexes. In the last decade a significant progress has been achieved in the development of methods for nanomechanical testing and understanding the mechanisms of biomechanical processes at the level of single macromolecules [40] . Since 2008 a specialized magazine "Journal of the Mechanical Behavior of Biomedical Materials" has been published.
The present review focuses on the analysis of experimental and theoretical studies of the last decade, aimed at clarifying the laws and atomic mechanisms of plastic deformation, fracture, friction and wear of materials in nanoscale. As a limiting case there have been considered the results of mechanical spectroscopy of single molecules and their pair interaction. Examples of nanotechnology techniques ensuring the formation of a complex of required properties of the synthesized material due to structural and size factors are given.
The theoretical and real strength of solids
The theoretical, ideal or ultimate tensile strength σ th = F N /S or shear strength τ th = F L /S of solids are essentially design values arising from considering the conditions of atomic bonds rupture under the action of applied forces (F N или F L ), referred to the sample cross-sectional area S (Fig. 4) . Several dozens of approaches to the definition of σ th and τ th have been proposed [41] [42] [43] [44] [45] . The models under analysis can be classical or quantum-mechanical, numerical or analytical, taking into account or ignoring certain circumstances. Depending on the assumptions made, the design values can slightly vary, accounting for about 0.1 from the corresponding elastic modulus (see . Table 1 ). Besides, for atomic-scale objects (such as, macromolecules, nanotubes, nanorods) an uncertainty is added due to assumptions about the sizes of atoms and, accordingly, the cross dimensions of the object specifying value S.
The actual strength of even those materials which are considered to be high-strength, in test conditions is below normal values given in Table 1 , by 1-2 orders of magnitude. Under such circumstances, some uncertainty in the numerical value of the theoretical strength is not critical for further consideration, and hereinafter, it will be implied by values σ th = 0,1Е and τ th = 0,1G.
What causes such a violent discrepancy between theory and experiment? As a rule, while calculating the theoretical strength, a model of perfectly ordered (defect-free) solid in thermodynamic equilibrium is used. However, real materials under normal test conditions or operation are far from equilibrium and contain a number of not only thermodynamic equilibrium defects (their concentration is relatively small), but also excessive, non-equilibrium defectspoint, linear (dislocations), two-dimensional (grain, phase, domains boundaries) and three-dimensional (pores, micro-twins, microcracks, etc.) ones. In addition, the condition of the surface and near-surface layers of the sample, temperature, loading rate and duration of the test play an important role. All this taken together can lead to a strong softening of the material. As a result, the real strength of the material is entirely determined by the defect structure, conditions of formation, displacement, interaction and annihilation of structural defects that can be compared to the flow of mechano-induced quasi-chemical reactions in solids. Thus, the mechanical properties of solids are highly structure-dependant that makes us focus primarily on the nomenclature and dynamics of existing or arising under load excessive structural defects. A shared unsolved problem of plastic deformation theory is that in real conditions a set of elementary flow mechanisms can be implemented simultaneously (concurrently, sequentially or concurrently-sequentially), competing, activating or inhibiting each other. They may be the diffusion (migration) of point defects, dislocation slip and climb, grain turn and slip, twinning, mechano-induced phase transformations with a change in density of the material, and others. As a result, the total rate of relative deformation Σ ε  is determined by instantaneous sum of the contributions of each i-th process
where l -a sample size, t -time:
As deformation conditions change (temperature, operating voltage and the speed of their application, the accumulated strain, the characteristic sizes of the loaded region and others), the relationship between i ε also change that deprives the process of self-similarity, that is, the possibility to be described in a single mechanism. This feature of plastic deformation makes this type of transfer much more complicated than, for example, diffusion, electrical conductivity or thermal conductivity, in which carriers are well-defined (in given cobditions) objects (e.g. atoms, ions, electrons, holes, Cooper pairs, phonons). Each of the elementary processes of plastic deformation can be considered according to a general scheme typical of kinetic phenomena. As a result, the instantaneous macroscopic velocity of a single process can be represented as the product of the carriers concentration ρ i , their power b i and the average ensemble velocity i υ :
where A i is a dimensionless coefficient. Depending on the geometric characteristics of the strain and the type of defects that implement it, b i may have different physical meaning. For example, for glide dislocations b i is a module of the Burgers vector. The kinetics of plastic flow can be formally described by the rate constant of quasi-chemical reactions of generation, interaction of the moving strain carriers with scattering and inhibitory centers, annihilation when they meet each other, the surface of the sample, etc. In a very common case the average velocity of glide dislocations is determined by their interaction with a random grid of stoppers. Effective stoppers for glide dislocations are the points of their intersection with dislocations lying in other crystallographic planes, point defects and their fewatomic clusters, grain boundaries, etc. It is easy to show that at ρ = const formally
where k is a rate constant of bond rupture between a dislocation core and a local stopper; А g is a constant depending on the geometry of glide.
There are more profound reasons to draw an analogy between plastic flow, fracture and other structural rearrangements, on the one hand, and chemical reactions, on the other hand. Both are controlled by forming, switching and breaking bonds between atoms (molecules), and both, in the vast majority of cases, are thermally activated, as a result of which their macro-kinetics follows the Arrhenius type of equations.
However, the description of micro-mechanisms of plastic deformation and fracture is complicated by a huge number of possible trajectories of the process flow in the configuration space, even if we consider one type of dislocation interacting with one type of local stoppers. If we take into consideration that in a real crystal there exist and interact many different structural defects changing the composition, concentration, and configuration in the process of loading; in dense ensembles of defects there occur strong collective effects, transition of limiting stages and dominant mechanisms in the evolution of the structure, it becomes clear why it is sometimes difficult to establish the true nature of certain mechanical properties by analyzing macro-tests data and predict the mechanical behavior of real materials under load.
Reducing the size of a sample or locally loaded region in addition to increasing the strength of the material makes it possible to approach the elementary acts of plastic deformation and fracture (and sometimes converge their flow to single discrete events) and better understand their nature. If the size reduces significantly, quantum effects and surface phenomena become essential, the importance of mirror image force and line tension for dislocations, the volume and surface diffusion decreases; some deformation carriers are blocked or even no longer emerge, others get benefits. As a result, a complete change in the atomic mechanisms of plastic flow and their limiting steps can occur. This is the central subject under consideration in the description of size effects in physical nanomechanics, and more broadly, taking into account practical tasks -in the formation of new ideas on the ways of creating advanced materials with unique properties.
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Size effects in mechanical properties
Size effects occur when one, two or three of the geometric sizes of the object or its internal structure become comparable or less than a characteristic size parameter that determines the state of the structure and kinetics of the process under these conditions (correlation radius, the mean free path, the de Broglie wavelength, critical size of a new phase nucleus, the dislocation loop, micro-twins, etc.). The macroscopic manifestation of SE is a significant change in the thermodynamic and kinetic properties of the material.
In physical nanomechanics the size factor may be: a) the outer size of the sample; b) the size across the structural element (agrain in a polycrystal, a phase in a multiphase system, an ordered domain in a polymer), film thickness, or a period of a multilayer heterostructure, etc.); c) the size of the localized action region (such as the radius of the contact spot under local loading of the sample surface, realized in the process of atomic-force microscopy, nanoindentation, fine grinding in mills, dry friction of micro-rough surfaces, abrasive wear, grinding, etc.) (Fig. 5) [46] .
The first observations about the effect of the size of the sample on its structural strength refer to the beginning of the XVI century and belong to Leonardo da Vinci. He found that at equal cross-section that rope is stronger, which is shorter. A century and a half later Edme Mariotte specified: short and long ropes of equal cross-section are able to withstand the same maximum load, but the latter tear more often. In other words, he stated that fracture probability increases with increasing sizes of the products.
In the late thirties of the last century, a probabilistic approach to the description of the strength of materials was generalized by a Swedish engineer W. Weibull in the relevant statistical theory, taking into account the increase in the probability Р f of "a weak link" occurrence with the increase in volume V of the sample, which leads to the fracture under stress σ [72] :
where V 0 , σ 0 и σ * , m = 5-50 constants. According to Weibull theory, size effects in strength are formally derived due to their belonging to basic relations of the sample volume V. It does not specify the physical causes of the observed SE, and also there is no relationship between the size parameters of the theory and linear sizes of the structural elements that really determine the plasticity and strength of material.
Usually statistical theories of strength and plasticity in the spirit of Weibull are used to account for the strength decrease with increasing size of a sample or a product in macro-region, for example, in bridge constructions, dams, etc. They are also useful in the micro-and nanoscale, but their contribution is masked by much stronger structural SE, which is schematically illustrated in Fig. 1 .
The first theory of strength taking into account the presence of structural defects, such as, micro-cracks and the effect of stress concentration on them was developed by A. Griffiths at the beginning of the twentieth century. According to it, the strength of the sample (critical stress fracture σ c ) is determined by half-length l of the maximum crack perpendicular to the tensile stress [27] :
In this theory the characteristic size of the problem has a clear physical meaning: it is a crack half-length
In micro-scale (0,1 R * 10 μm) a significant contribution to SE is made by other structural characteristics of the material. In this case as a scaling factor there can be (alongside with the length of the crack and outer sizes of the sample) the characteristic sizes of the internal structure (mean cross-section of the grains in polycrystals or particles of separate phases in alloys, ceramic and composite materials, cells in the dislocation structure; the film thickness or the period of superlattice of multilayer coating on the substrate surface, etc.). To describe SE in this area, the empirical Hall-Petch relationship is widely used: 
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where d is the characteristic size of the structure; σ 0 , n and k are constants for a given material.
In simplest theories n = 0.5 that qualitatively (and often quantitatively) agree with the experiment. Equation (7) is usually a good approximation of the experimental data in the range of 100 nm d 100 mm and can be justified by simple considerations arising from the dislocation theory of plasticity of crystalline materials [27, 47] . However, in the range of 10 nm d 100 nm, as a rule, there is a considerable deviation from (7), and at d 10 nm the variation σ с (d) can change into the other opposite one (see Fig. 1 ). In amorphous solids (in particular, metallic glasses) SE in mechanical properties are generally much weaker than in crystalline materials.
For mechanical testing of microsamples slightly modified traditional means of testing are used; for nanoscale objects several families of special equipment have been developed.
Experimental techniques
For submicro-and nanomechanical testing of consolidated materials and microsamples two large families of devices (Fig. 6) -nanoindenters (for a 10 nm R * 10 mm) are used. They implement the principles of instrumented (depth-sensing) nanoindentation (NI), and atomic force microscopy (AFM) (for R * 10 nm) [2] . The latter gives an opportunity not only to obtain the image of the surface with atomic resolution, but also to study its physical and mechanical properties in normal, lateral and mixed contact modes [24] .
A set of nodes, their functions and interactions in nanoindenters and atomic force microscopes are similar, besides they have evolved almost in parallel and simultaneously. Resolution of the measurement path of the probe displacement in them is also comparable, and may account for a few hundredths of a nanometer. Nanoindenters use probes with a well defined tip geometry and usually much greater testing force (from micronewtons to several newtons), which together with contact AFM modes allows implementing not only 2D surface research in normal and lateral modes, but also 3D-characterization of mechanical properties to the desired depth (from a few to thousands nanometers). Some of these methods are widely used (for example, those proposed by Oliver and Pharr [48] ) and included into international and national standards, particularly into ISO 14577 and ASTM E 2546-07 [49, 50] .
Historically, the first and basic mode of nanoindentometer operation (Fig. 7 a) was implemented by indenting geometrically calibrated indenter under the action of a given profile of normal force Р(t) and the simultaneous recording of its indentation depth in the material h(t). Sometimes it is useful to present the results in such coordinates, but more often the data is reorganized as dependence Р = f (h) (Fig. 7 b) which is analogous to diagram σ = f (ε) ("stress -relative deformation") in traditional macrotesting. In some cases, data is presented as dependence of average contact stresses < σ c > от h (< σ c > = H in the area of high P) (Fig. 7 c) .
In contact micro/nanomechanical tests a variety of loading conditions are used, namely, compression, flexure, tensile, shear, etc. (Fig. 8) , as well as probes of different shape, such as, cylinders with a flat end, spheres, cones, pyramids. Each has its advantages and disadvantages. For local testing the most frequently used indenter is a three-sided pyramidal Berkovich indenter. It avoids the problem of bringing the four faces in one point, which is inherent in a widely used Vickers indenter, and when it is necessary to get tip rounding radius of less than 20 nm.
Pyramidal indenter probing leads to the fact that unlike macrotests the deformable sample volume and its characteristic sizes (in particular, h) do not remain unchanged in the process of loading, but increase by many orders of magnitude. The gradients of stress and strain as well as the relative strain rate ε ~ dh/hdt decrease significantly due to the inverse dependence on h. In the absence of SE maximum strain under the indenter remains unchanged under these conditions (ε mах = 0.1-0.3, depending on the angle of the tip), 6 -controller unit; 7 -computer; 8 -sample; 9 -stage; 10 -stage controller; 11 -probe; 12 -piezoelectric actuator; 13 -cantilever; 14 -4-windows photodiode probe displacement recorder; 15 -laser; FL -feedback loop between sensor and actuator and the deformed area spreads on an increasing volume of the material. On the one hand, these features of local loading make it difficult to analyze the results and derive quantitative characteristics of the material and, on the other, in the presence of suitable models and experimental techniques they allow to study size and speed effects during a single loading cycle, scanning the properties along variables h and ε . A large number of recently developed methods of processing raw data and their refining from parasitic effects make it possible to derive more than two dozen of different material characteristics and make NI much more informative means of testing than conventional uniaxial tensile/ compression [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . In addition, these techniques allow studying physical and mechanical properties in nanoscale and even at the atomic level that conventional techniques of mechanical tests lack. Alongside with technical materials, in recent years NI methods have been actively used for testing soft polymeric and biological materials and objects (chitin integument, bone and soft tissues, cells, blood vessels, capillaries, membranes and even single macromolecules) in order to diagnose and early detect various diseases. Most biomaterials are characterized by low stiffness, creep at constant load and viscoelasticity at varying load. In this regard, experimental methods should allow for applying and measuring much smaller forces than in the test of inorganic materials, while keeping high spatial resolution and large range of measured deformation. These needs encouraged, along with further development of NI and AFM methods [65] [66] [67] , a number of supplementing means: optical, magnetic and electromagnetic tweezers, microneedle manipulators, hydrodynamic stretching of macromolecules along the fluid flow, attaching specific markers (fluorophores, quantum dots) to monitor molecular motion of segments, etc. [40, 68] .
Let us dwell on the most popular ones, namely: contact-free tweezers (or otherwise, traps). They allow you to extend the range of applied loads to low forces, however, at the expense of reducing spatial resolution (Fig. 9) .
The operating principle of optical tweezers (Fig. 10 a) is based on the occurrence of retraction force acting on the dielectric particle placed in inhomogeneous magnetic field. It is created in a laser beam, focused by the high-aperture lens (with aperture NA 1.2) near one of such particles suspended in a suitable solvent (usually aqueous solution). The interaction of the electromagnetic field of light beam with a dipole moment-induced dielectric particle forces it to retract in the direction opposite to the gradient vector of the electric field in an electromagnetic wave. At small deviations Δr from the equilibrium near the focus (Δr 100 nm) the restoring force is proportional to Δr: F e = сΔr. Here c is the rigidity of an optical trap, which has the size orders of magnitude smaller than the softest AFM cantilever. This allows you to apply and measure much smaller test loads (up to hundredths of piconewton).
Plastic or ceramic microspheres, lipid vesicles, cellular organelles and other particles ranging in size from tens of nanometers to several micrometers are used as field-captured particles. They are agents only, taking the force action exerted by the optical trap, which is transmitted to the macromolecule, chemically attached to the surface of the micro-bead. In this way the molecules of DNA, RNA, protein, proteinenzymes, polypeptides, polysaccharides, synthetic polymers and others can be tested. The free end of the tested molecule interacts with a stationary substrate, or any object attached to it, for example, a nanotube, another macromolecule, an antibody, etc. In a different of type optical tweezers a tested molecule is fixed between two dielectric particles captured by two independent laser beams.
The position of a captured particle in space is determined by a non-contact laser interferometer with sub-nanometer resolution. The controlled displacement of the captured molecule ends in one way or another (by moving the beam focus or the substrate stage) leads to a change in the distance Δr between the focus and the center of the captured particle. From these data the values of the acting force and deformation of the tested molecule can be obtained.
Magnetic and electromagnetic tweezers (Fig. 10 b) operate in a similar way. In them a dielectric particle is replaced by a ferromagnetic one and drawn into a nonuniform magnetic field generated by permanent magnets or electromagnets, respectively. Retraction force is proportional to the magnetic field induction and its gradient and also displacement Δr of the particle with regard to the magnet poles (at a small value Δr).
To prevent the adhesion of the magnetic particles in suspension they are usually made small enough ( 20 nm) to be in a superparamagnetic state.
If it is necessary to obtain a greater force, these superparamagnetic particles are introduced in the inert carrier (often nanoporous), which increases the magnetic moment of the bead. By rotating magnet poles, the torque can be given to a bead. This allows not only tensile but also torsion testing of macromolecules, nanofibers and nanotubes. The approaches described above have a number of varieties and specific means of implementation. Table 2 shows typical characteristics of nanomechanical testing methods outlined above. For more details, you can refer to special and review literature [69] [70] [71] [72] [73] . Collectively, optical and magnetic tweezers, allow implementing a large number of nanomechanical studies of macromolecules and their complexes (Fig. 11) , comprising determination of critical forces of configuration changes, bond break, changes in chemical and catalytic activity, and others [40, 68, 72] .
In recent years, in addition to improving the means of proper nanomechanical tests [74] [75] [76] [77] [78] [79] [80] [81] , there [68] appeared combined approaches using the possibilities of other physical methods: in situ electron microscopy [82] [83] [84] [85] [86] , acoustic [87] [88] [89] , X-ray and electron microdiffraction [83, 85, 90] , micro-Raman spectroscopy [91] , electrical [92] [93] [94] [95] , fluorescence [96] small-angle neutron scattering [97] , tomography of atomic resolution [98] , and others.
Conclusion
Taken together, experimental methods of nanomechanical and combined tests can solve the following problems:
-engineering characterization of physical and mechanical properties of materials in nanoscale;
-basic research into the nature of these properties, the atomic mechanisms of deformation and fracture and size effects in the mechanical properties;
-replacing single destructive macrotests by repeated non-destructive tests (in size-independent area); -physical modeling of friction and wear with atomic resolution at the level of a single dynamic nanocontact and single atoms; -determination of physical and mechanical properties of biomaterials and biological objects (tissues, cells, membranes, capillaries, etc.) to clarify the mechanisms of their functioning, biochemical reactions (at the level of single macromolecules), the dynamics of elementary acts and intermediate states, as well as early diagnosis of diseases.
